Stimulated emission and lasing have been demonstrated for chlorophyll a, chlorophyll b, and bacteriochlorophyll a as well as for the Mg-free chlorophyll derivatives pheophytin a and methyl pheophorbide a. Population inversion was obtained by optically pumping with an N2 laser. For the three chlorophylls, lasing was observed for only the (0,0) vibronic region of the SI -_ So fluorescence band. In contrast, lasing was observed for both the (0,0) and (0,1) vibronic regions of the SI SO fluorescence band of pheophytin a and methyl pheophorbide a. Differences between the lasing behavior of the chlorophylls and the Mg-free derivatives probably reflect differences in aggregation behavior. Laser pulses of duration shorter than the fluorescence lifetimes were generated. This result suggests that stimulated emission must be considered in the interpretation of fluorescence lifetime data for in vitro and in vivo chlorophyll-containing systems.
Chlorophylls (Chi) are the principal photoreceptors for photosynthesis in green plants, algae, and bacteria as well as the electron donors in the primary event of photosynthesis. It is therefore not surprising that keen interest continues in the excited electronic states of the chlorophylls and their Mg-free derivatives. The chlorophylls are intensely fluorescent, and consideration of the lifetimes of the first excited singlet states (SI) and the fluorescence quantum yields suggested that the chlorophylls should have the ability to function as dye lasers. In addition to the usefulness of ChI dye lasers in photosynthesis experiments, lasing of the chlorophylls could be expected to yield interesting information about the properties of their SI electronic states. This has proved to be the case. Chlorophyll a (Chi a), chlorophyll b (Chi b), bacteriochlorophyll a (Bchl a), and the Mg-free derivatives pheophytin a (Pheo a) and methyl pheophorbide a (MePheo a) all have excellent lasing properties, some of which we describe in this paper. The Mg-free derivatives exhibit an interesting, although not unprecedented, dependence of the lasing frequency on the concentration. The characteristics of the laser pulse raise some interesting questions, which we discuss below, about the properties of high densities of excited ChI electronic states such as may be produced in in vwo picosecond irradiations by high photon fluxes. EXPERIMENTAL A 1-MW N2 laser (Molectron model UV 1000) with output at 337.1 nm was used as an optical pump to produce population inversion. This N2 laser was also used as an excitation source for the fluorescence spectra. The experimental configuration was similar to that employed by Sorokin and Lankard (1) in the first demonstration of lasing from an organic compound, aluminum phthalocyanine chloride, in solution when pumped by a giant pulse ruby laser. Most of the samples examined for laser output in this work showed some degree of photoinstability. The measurements reported herein were made on freshly prepared solutions degassed with N2 to minimize photooxidation. The pulse repetition rate of the N2 laser was kept low (two to five pulses per sec) in a further attempt to minimize photodecomposition. Under these conditions, all the samples were stable for a sufficient length of time to permit the necessary measurements to be made.
The Chi and Pheo samples were prepared and purified according to the methods of Strain and Svec (2) . The purity of these samples was checked by thin-layer chromatography, visible absorption spectroscopy, and nuclear magnetic resonance (NMR). The visible absorption spectra of the solutions of these compounds showed no evidence of any significant amount of light-absorbing impurity. Reagent-grade pyridine and gold-shield ethanol were used as solvents. The pyridine was further purified by refluxing over calcium hydride, distilling under N2, and storing over Linde 3 A molecular sieves; the alcohol was used without further purification.
RESULTS
All of the chlorophylls (ChI a, ChI b, and Bchl a) and Chl derivatives (Pheo a, MePheo a) thus far examined exhibit lasing action. These observations represent the first description of the lasing properties of pure chlorophylls and chlorophyll derivatives. Simulated emission in sulfuric acid solution has been reported for a substance designated as "leaf green" by Rubinov Chlorophyll b at 2 mM in pyridine showed the least lasing efficiency and stability of the chlorophylls. To decrease photodecomposition and fading of the Chl b laser output, the solution was stirred with a gentle flow of N2 gas and the pulse repetition rate of the N2 laser was lowered to <2 pulses per sec.
In sharp contrast to Chl b, Bchl a showed a high degree of stability and a low threshold for lasing compared with the other compounds tested.
Mg-Free Chlorophyll Derivatives. The chlorophyll derivatives Pheo a and MePheo a lack the central Mg atom of the chlorophylls. This difference does not affect the ability of these compounds to function as laser dyes. There is, however, a significant difference in the lasing behavior between these species and the chlorophylls. For both of these derivatives, stimulated emission is observed in two fluorescence bands, one near 680 nm corresponding to emission in the (0,0) vibronic region of the Si -So fluorescence band, and the other near 725 nm corresponding to emission in the (0,1) vibronic region of the SI So fluorescence band. This behavior is illustrated in Fig. 2 for Pheo a. The results are similar to those obtained for aluminum phthalocyanine chloride, for which lasing has been reported at 690 nm (6) and 755 nm (1) . In our experimental configuration, we have observed simultaneous-lasing in both wavelength regions. Details of these results will be reported in a subsequent communication. The relative intensity of laser output is a sensitive function of concentration, the long wavelength lasing being favored at higher concentrations.
Concentration Dependence of the Laser Wavelength. The concentration-dependent shift of the lasing wavelength can be understood in terms of reabsorption of emitted light. Absorptive losses are greater in the 0-0 fluorescence band because of its overlap with the 0-0 absorption band. In order to understand the effects of self-absorption more quantitatively, one must examine the oscillation conditions for a dye laser.
The conditions for the oscillation of a dye laser were discussed by Schafer ( [21 In these expressions, n is the total concentration (molecules/ cm3) of the dye molecule in solution, ni is the population (molecules/cm3) of the first excited state, L (cm) is the length of the resonator cavity, R (unitless) is the reflectivity, a, (cm2/molecule) is the absorption cross section, Urf (cm2/molecule) is the cross section for stimulated emission, and v (cm-') is the frequency. nI/n is a measure of the population inversion. By using measured values for the cross sections and the normalized spectra shown in Fig. 2 , the left-hand side of Eq. 1 was calculated as a function of frequency for Pheo a (Fig. 3) [3] in which n is the refractive index of the medium, I is the length of active medium, L is the cavity spacing, c is the speed of light, and R is the geometric mean of the cavity mirror reflectivities.
With pyridine (n = 1.5) as the active medium and lasing in the fluorescence cell alone (R = 0.04; L = I = 1 cm), the cavity decay time is of the order of 50 psec. Although the cavity is far from optimum in terms of generation of laser behavior, it is of particular interest in the present case because studies of fluo- Chemistry: Hindman et al. An important characteristic of a cavity having a cavity decay time, t,, significantly less than the fluorescence lifetime, Tf, is that transient phenomena and "initial spikes" can be generated in organic dye lasers as a result of the interaction of the excess concentration of SI states with the photons in the cavity (9) . It is further found that, as the pump power is decreased, the number of relaxation oscillations decreases and a single nanosecond or subnanosecond pulse can be generated (9, 10) . The generation of such a short pulse in Pheo a, in which the fluorescence lifetime is expected to be approximately 5 nsec (11, 12) , is shown in Fig. 4 (8) showed that, at high excitation intensities, a characteristic nonexponential decay and considerable decay time shortening for fluorescence occurs in laserexcited organic molecules due to stimulated emission, and they pointed out that, if induced emission is not accounted for, severe errors in the determination of the fluorescence decay time constants may result. The fact that the photon fluxes required to initiate laser action are of the same order as those used in the picosecond fluorescence lifetime studies suggests that the possibility of stimulated emission should be considered in the interpretation of the fluorescence data.
